We have used FUSE and Voyager observations of dust scattered starlight in the neighborhood of the Coalsack Nebula to derive the optical constants of the dust grains. The albedo is consistent with a value of 0.28 ± 0.04 and the phase function asymmetry factor with a value of 0.61 ± 0.07 throughout the spectral range from 900 -1200Å, in agreement with previous determinations as well as theoretical predictions. We have now observed two regions (Ophiuchus and Coalsack) with intense diffuse background radiation and in both cases have found that the emission is due to light from nearby hot stars scattered by a relatively thin foreground cloud, with negligible contribution from the background molecular cloud.
INTRODUCTION
It has long been assumed that the diffuse far-ultraviolet (FUV) background should be correlated with the amount of H I in the line of sight (e.g., Maucherat-Joubert et al. 1980) . While this may be true at high galactic latitudes where Haikala et al. (1995) and Schiminovich et al. (2001) have both found the UV scattered light to be correlated with the 100 µm emission observed using the Infrared Astronomical Satellite (IRAS), albeit with different correlation factors, it is now becoming apparent that local effects, such as the proximity of dust to hot stars, can also play an important role in the level of the diffuse UV background (Murthy & Sahnow 2004; Edelstein et al. 2006 ). This interdependence is even more apparent in the LMC where Cole et al. (1999) have found that neither bright stars nor dust are sufficient in themselves to produce scattered emission; only when both are present with a favourable geometry is scattered light seen. In our own Galaxy, Lee et al. (2006) found the scattered radiation in Taurus to be actually anti-correlated with the gas column density suggesting that the source of the radiation is behind the molecular cloud.
In addition to characterizing and understanding the diffuse radiation field, one of our scientific goals has been to extract the optical constants -the albedo (a) and phase function asymmetry factor (g) -of the interstellar dust grains. This has been complicated by the faintness of the signal and lack of knowledge about the scattering geometry (Mathis et al. 2002) . Thus, although we have observed targets over the entire sky (Murthy et al. 1999; Murthy & Sahnow 2004) , we have chosen to begin our modeling with two regions where the signal is bright and the interstellar dust distribution, from whence the scattering comes, is well characterized. The first of these was in the constellation of Ophiuchus (Sujatha et al. 2005) and the second, which we present here, is near the Coalsack Nebula. Murthy et al. (1994) found from observations made with the two Voyager Ultraviolet Spectrographs (UVS) that the Coalsack was one of the brightest regions of diffuse UV emission in the sky and they attributed this emission to forward scattering from a relatively thin H I cloud in front of the Coalsack molecular cloud, a conclusion later confirmed by Shalima & Murthy (2004) . In order to supplement these observations, we searched for further observations made with the Far Ultraviolet Spectroscopic Explorer (FUSE) finding an additional 29 observations of 21 targets, including 3 observations that were made as part of our own FUSE guest investigator observing program.
OBSERVATIONS
We have collected 34 observations (29 from FUSE and 5 from the Voyager UVS) of the diffuse radiation in and around the Coalsack Nebula (Table 1) . Of the five observations made with the Voyager UVS, four have already been discussed by Murthy et al. (1994) and a full description of the instrument and diffuse observations made with it has been given by Murthy et al. (1999) and references therein. Briefly, the Voyager UVS observe diffuse radiation from 500 -1600Å with a resolution of about 38Å. The field of view is large (0.1
• × 0.87 • ) and integration times are long resulting in a sensitivity to diffuse radiation of better than 100 photons cm
The remaining 29 observations were made with the LWRS (30 ′′ × 30 ′′ ) aperture on the FUSE spacecraft. The four FUSE spectrographs cover the wavelength region from 850 -1167Å with a resolution (λ/∆λ) of about 20000. Although intended for observations of point sources (see Moos et al. 2000; Sahnow et al. 2000 , for a description of the spacecraft and mission), Murthy & Sahnow (2004) have shown that background levels of 2000 photons cm −2 sr −1 s −1Å−1 are detectable with the LWRS aperture.
Following Murthy & Sahnow (2004) , we binned the data into broad bands of about 50Å in width in order to increase the signal-to-noise ratio. This yields a total of 6 independent bands (Table 2) with sufficient sensitivity to detect the diffuse radiation from the Coalsack. Because the 2A2 and 1B1 bands and the 2A1 and 1B2 bands, respectively, had similar bandpasses, we used their weighted average for our further calculations. A point source in the aperture will result in a Gaussian with a width of about 18 pixels while a diffuse aperture filling source will yield a Gaussian with a width of 30 pixels. We have used this width to ensure that the signal in our observations was indeed of diffuse origin.
We have additionally searched the Digital Sky Survey plates from CDS 1 and found no point sources in the aperture. However, it is interesting to calculate the brightness of a star whose contribution would be equivalent to a diffuse flux of 20,000 photons cm −2 sr −1 s −1Å−1 . A star with a spectral type of later than about B9 would simply not have enough flux to contribute in the FUSE range without being blazingly bright in the visible. On the other hand, this amount of diffuse flux corresponds to an unreddened 18 th magnitude B3 star implying a spectroscopic distance of about 1.5 kpc, or well beyond the Coalsack Nebula which would, of course, absorb any UV component of such a star.
Our observed values for each of the 6 FUSE bands and for the Voyager spectra at the same wavelengths are listed in Table 1 and are superimposed on a 100 µm map from IRAS in Fig. 1 . The circles are centred on the observed locations and the diameter of each circle is proportional to the weighted average of the intensity in the 2A2 and 1B1 bands at an effective wavelength of about 1114Å.
RESULTS AND MODELING
It is apparent from Fig. 1 and Fig. 2 , where the weighted average of the 2A2 and 1B1 bands are plotted against the 100 µm intensity, that there is not a simple correlation between the UV and IR emission. There is a tendency for the amount of diffuse UV light to increase with the IR emission up to an intensity of about 80 MJy sr −1 , but with a lot of scatter. This correlation breaks down for larger IR intensities possibly suggesting that both the IR and UV emission are dominated by emission from the foreground cloud at lower H I column densities (as traced by the IR) but not at higher column densities where the IR emission is largely due to emission from dust in the optically thick Coalsack molecular cloud.
The scattered UV light from any location in space is a function of the interstellar radiation field (ISRF), the amount of dust in the line of sight and the scattering function of the dust grains. Of these, the ISRF is the easiest to derive as the Coalsack is so thick that no stars will be seen from behind the cloud, particularly in the UV, and the radiation field is dominated by only 13 stars (Table 3) . As described by Sujatha et al. (2004) we have used the Hipparcos catalog to locate the stars in 3-dimensions and calculated their contribution at the location of scattering based on their spectral type, V magnitude, and appropriate Kurucz models (Kurucz 1992) . Not less than 95% of the total ISRF in the vicinity of the Coalsack comes from these stars. This method is identical to that of Shalima & Murthy (2004) except that they had incorrectly scaled the FUV fluxes of the stars to observations made with the small aperture of the International Ultraviolet Explorer. The small aperture of IUE is known to underestimate stellar fluxes by about 40% and thus they derived an albedo that was too high by the same factor. The FUV fluxes used in this work are in agreement with large aperture IUE observations of the stars.
The dust distribution has been well characterized by Corradi et al. (2004) using 4 color photometry of several hundred stars in the region. They have found, in addition to the Coalsack Nebula itself at a distance of 180 pc, two foreground clouds of neutral hydrogen at distances of 60 pc and 120 -150 pc. The column densities (N(H I)) of these clouds are 3.2 × 10 19 cm −2 and 1.5 × 10 21 cm −2 , respectively. We have used all three clouds in our modeling but note that most of the observed light comes from the more distant of the two H I clouds.
We have implemented a Monte Carlo code to account for multiple scattering in all three clouds: the two foreground neutral hydrogen clouds and the Coalsack molecular cloud. In this code, a photon is emitted in a random direction from one of the stars and continues in a straight line until it has an interaction with a dust grain, the probability of which depends on the local density and the grain cross-section, taken from the "Milky Way" model of Weingartner & Draine (2001) . This model uses a mixture of silicate and graphite grains with implicit assumptions of R V = 3.1 and the canonical gas-to-dust ratio of Bohlin et al. (1978) . After each interaction, the relative weight of the photon is reduced by the albedo and it is scattered into a new direction with a probability taken from the Henyey-Greenstein scattering function (Henyey & Greenstein 1941) . Each individual photon is followed either until its weight becomes negligible or the photon escapes the region of interest. A complete run consists of about 10 7 photons emitted for each star for each value of a and g.
We found that most of the observed radiation arose in the more distant of the two foreground clouds and hence most of the uncertainty in our model results comes from the uncertainty in the actual distance of that cloud. Because there is no reason to assume that the cloud is flat and perpendicular to our line of sight, we have derived the distance at each scattering location by finding the combination of optical constants (a and g) and distance which gives the best match of the predicted light with the observed value (weighted average of the 2A2 and 1B1 bands, i.e., at 1114Å), with the further assumption that the optical constants are the same throughout the region. These distances are plotted in Fig. 3 with error bars showing the range of allowed distances. Any point outside this allowed region will not satisfy our conditions of uniform a and g. Given the sparse nature of our data, we find a contiguous but warped cloud.
Our final model assumes three clouds each with a 1 pc thickness (defined by our bin size): the Coalsack molecular cloud at a distance of 180 pc, a cloud of neutral hydrogen at a distance of 60 pc from the Sun, and the cloud illustrated in Fig. 3b with a distance at each point as found from the best fit to the data. The output of this model is an image of the region around the Coalsack for each value of the optical constants which can be directly compared to the observations in each of the wavelength bands. Fig. 4 shows this image for the best fit values of a and g (0.28 and 0.61, respectively) at a wavelength 1114Å, with our observations plotted as circles whose diameters are proportional to the weighted average of the 2A2 and 1B1 bands.
The 6 FUSE bands (Table 2) allowed observations at 4 wavelengths (1004Å, 1058Å, 1114Å, and 1158Å) where the intensities at 1114Å and 1158Å were taken from the weighted average of the 2A2 and 1B1 bands and 2A1 and 1B2 bands, respectively. The Voyager UVS is far more sensitive to diffuse radiation because of its relatively large aperture and allowed observation of the entire spectrum of the diffuse radiation between 912Å (the Lyman limit) and 1200Å.
Our predictions from our best fit model agree well with the observations both spatially (Fig. 5) and spectrally (Fig. 6) . We have plotted 67% and 95% confidence contours (following the procedure of Lampton et al. (1976) ) for a and g in Fig. 7 . They are consistent with values of 0.28 ± 0.04 for the albedo and 0.61 ± 0.07 for the phase function asymmetry factor throughout the spectral range from 912Å to 1200Å (Fig. 8) , in agreement with the prediction of Weingartner & Draine (2001) for their "Milky Way" model. The error bars in the optical constants include both observational errors and errors in the modeling, such as in the distance.
CONCLUSIONS
We have used Voyager and FUSE observations of diffuse emission near the Coalsack Nebula to constrain the optical parameters of the interstellar dust. We find that the albedo a is 0.28 ± 0.04 and g is 0.61 ± 0.07 throughout the spectral range from 900 to 1200Å. These values are consistent with previous determinations in reflection Nebulae (Witt et al. 1993; Burgh et al. 2002) , in diffuse clouds (Sujatha et al. 2005) , and in Orion (Shalima et al. 2006) . It is clear that interstellar grains in the FUV are strongly forward scattering with a moderately low albedo, in agreement with theoretical prediction for a mixture of graphite and silicate grains (Weingartner & Draine 2001) . Even though small grains have been depleted in Orion (R V = 5.5; Fitzpatrick (1999)), it makes little difference to the optical constants (Weingartner & Draine 2001) and our data cannot distinguish between them.
It had been our hope that we could derive a global model for the diffuse UV radiation over the entire sky. However, we have found the true situation to be more complex with the radiation being dependent largely on the presence of scattering dust near a hot star. In particular, we note that the SPEAR data (Edelstein et al. 2006) show strong enhancements in the diffuse emission in the Ophiuchus and Coalsack regions which one might have naively associated with the prominent molecular clouds in those regions. However, our detailed modeling (Sujatha et al. (2005) and this paper, respectively) have shown that the emission is actually due to scattering from a much thinner foreground cloud. We plan to continue our characterization of the diffuse UV radiation field and its implications for the nature of the interstellar dust using Voyager, FUSE and GALEX (Galaxy Evolution Explorer) observations.
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